Introduction
The immune system of vertebrates is divided into innate and adaptive components. The effector cells of innate immunity include macrophages, dendritic and NK cells. These cells, in addition to epithelial and endothelial cells, are involved in early activation of innate immune responses during viral infections. Toll-like receptors (TLRs) are evolutionarily conserved molecules that function in innate recognition of microbes and activation of signaling pathways leading to production of antimicrobial substances and cytokines, as well as to enhanced expression of costimulatory molecules. 1 Studies with knock-out mice have shown that TLR2 confers responsiveness to several Gram-positive bacteria. 2 Also TLR6 is involved in responses to Gram-positive bacteria. 3, 4 TLR5 mediates signaling to bacterial flagellins, 5 and TLR9 to bacterial CpG DNA.
6 TLR4 has been identified as an essential component of the lipopolysaccharide (LPS) receptor signaling complex. [7] [8] [9] Recently, TLR4 was demonstrated to mediate innate immune responses to respiratory syncytial virus (RSV). 10 TLRs and components of IL-1 and IL-18 receptors share evolutionarily conserved downstream signaling pathways involved in the activation of host defence. Upon activation, these receptors activate IL-1R-associated kin-ase (IRAK)-NF-B pathway through the adapter protein MyD88. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] We have previously shown that NF-B is activated in human macrophages infected with influenza A and Sendai viruses leading to the production of several cytokines. 24, 25 In this work, we have analyzed TLR gene expression in human macrophages infected with influenza A and Sendai viruses. We show that virus infection upregulates the gene expression of several TLRs, and virus-induced IFN-␣ is involved in this activation.
Results

TLR mRNA expression in macrophages is induced by viruses
It has been reported that TLR4 is involved in immune responses not only to Gram-negative bacteria, 7-9 but also to RSV. 10 Here we studied the effect of influenza A and Sendai virus infection on TLR mRNA expression in human macrophages that are essential for innate immune responses against viruses. As shown in Figure 1 , TLR1, TLR2, TLR3, and TLR7 mRNA synthesis was upregulated by both viruses, whereas TLR4, TLR6 and TLR8 mRNA levels remained unchanged. Both viruses appeared to downregulate TLR5 gene expression. TLR9 mRNA was not detectable in macrophages.
Neutralizing anti-IFN-␣/␤ antibodies downregulate virus-induced TLR mRNA expression
We have demonstrated earlier that viruses elicit strong IFN-␣ production in macrophages. 24, 25 Therefore, we wanted to analyze the role of virus-induced IFN-␣ in TLR gene expression. Macrophages were infected with influenza A virus for 24 h in the absence or presence of neutralizing antibodies to IFN␣/␤. Anti-IFN␣/␤ antibodies downregulated influenza A virus-induced TLR1, TLR2, membranes and hybridized with TLR1, TLR2, TLR3, TLR4, TLR5,  TLR6, TLR7, TLR8, and TLR9 TLR3, and TLR7 mRNA expression (Figure 2a ). Anti-IFN-␣/␤ antibodies had no effect on TLR4 mRNA expression. In addition, neutralizing antibodies to IFN-␣/␤ did not have any effect on TLR5, TLR6, TLR8 or TLR9 gene expression during virus infection (data not shown). Influenza A virus induced production of 300 IU/ml of IFN-␣ from macrophages, which was completely neutralized by anti-IFN-␣/␤ antibodies (Figure 2b ).
Influenza A virus is a poor inducer of IFN-␣/␤ in A549 lung epithelial cells. 26 Hence, to study the role of IFN-␣ in virus-induced TLR mRNA expression in lung epithelial cells, A549 cells were infected with Sendai virus for 24 h in the absence or presence of neutralizing antibodies to IFN␣/␤. Only TLR3 and TLR4 mRNAs were expressed in epithelial cells. Sendai virus-induced TLR3 gene expression was down-regulated by anti-IFN-␣/␤ antibodies. Virus infection slightly upregulated TLR4 gene expression in epithelial cells, but neutralizing antibodies to IFN␣/␤ did not have any effect on the enhanced TLR4 mRNA expression ( Figure 3a) . As shown in Figure 3b , Sendai virus-infected epithelial cells secreted 300 IU/ml of IFN-␣, which was completely neutralized by anti-IFN-␣/␤ antibodies. 
IFNs activate TLR gene expression
Neutralization experiments suggested that IFN-␣ had a role in virus-induced expression of TLR1, TLR2, TLR3, and TLR7 (Figures 2 and 3) . To study the effect of IFNs on TLR gene expression, macrophages were stimulated with IFN-␣ or IFN-␥, and the expression of TLR mRNAs was analyzed by Northern blotting. TLR1, TLR2, and TLR7 mRNA expression was enhanced by both IFN-␣ and IFN-␥, whereas TLR3 gene expression was upregulated by IFN-␣ only ( Figure 4 ). IFNs had no effect on the expression of TLR4, TLR6 or TLR8 genes. As in virus infections, both IFN-␣ and IFN-␥ downregulated TLR5 gene expresion. TLR9 mRNA expression was not detected in macrophages.
We also studied the effect of IFNs on TLR3 gene expression in A549 epithelial and HUVEC endothelial cells. IFN-␣ and IFN-␥ enhanced TLR3 mRNA synthesis in both epithelial (Figure 5a ) and endothelial (Figure 5b ) cells. IFN-␣ was a more efficient upregulator of TLR3 mRNA expression compared to IFN-␥ (Figures 5a and  5b) . TLR2 was not expressed in epithelial or endothelial cells. IFNs only weakly enhanced TLR1 gene expression, and they had no effect on basally expressed TLR4 or TLR6 mRNAs (data not shown).
Genes and Immunity
Figure 4
IFNs activate TLR mRNA expression in macrophages. Macrophages were treated with IFN-␣ (100 IU/ml) or IFN-␥ (100 IU/ml) for 1, 3, 6, or 9 h, the cells were collected, and prepared for Northern blot analysis with TLR probes. The data is representative of four experiments, each done with cells from four donors. To study the dose-dependency of IFN-induced TLR gene expression, macrophages were treated with different concentrations of IFN-␣ or IFN-␥. As shown in Figure  6 , 10 IU/ml of IFN-␣ clearly induced TLR1, TLR2, and TLR3 mRNA expression, and 1 IU/ml of IFN-␥ was sufficient to upregulate TLR1 and TLR2 mRNA expression to some extent. In contrast to epithelial and endothelial cells, IFN-␥ was not able to upregulate TLR3 gene expression in macrophages (Figures 5 and 6 ). TLR5 gene expression was downregulated by high concentrations of IFN-␣ or IFN-␥. Maximal upregulation of TLR7 mRNA was obtained with 100 IU/ml of IFN-␣, while all tested concentrations of IFN-␥ induced TLR7 gene expression similarly.
Discussion
TLR2, TLR4, TLR5, TLR6, and TLR9 have been implicated in innate immune responses to microbes. TLR2 mediates responses to Gram-positive bacteria, 2,27-32 spirochetes, 33, 34 and yeasts. 29 Also TLR6 appears to be involved in Gram-positive bacteria-induced signaling. 3, 4 TLR4 functions as a receptor for Gram-negative bacteria.
7-9 TLR5 recognizes bacterial flagellins, 5 while TLR9 mediates responses to bacterial CpG DNA. 6 Recent data suggests that a direct contact between TLR4 and LPS enables cells to discriminate between different types of microbial structures. 35, 36 No such specificity for other TLRs in microbial recognition has yet been reported.
TLRs may also be involved in innate immunity to viruses. TLR4 has recently been identified as one of the components mediating NF-B activation in response to RSV. 10 In the present report we analyzed the effect of two other viruses, influenza A and Sendai virus on TLR mRNA expression in macrophages. TLR1, TLR2, TLR3, and TLR7 mRNA expression was upregulated by both viruses. The increase in the levels of TLR1, TLR2, TLR3, and TLR7 mRNA expression in response to influenza A and Sendai viruses could imply the involvement of these receptors in early immune responses of macrophages. So far, the function of TLR3 or TLR7 in response to microbial infection has not been established. 28, 37, 38 TLR1 inhibits TLR2-mediated responses to Gram-positive bacteria. 4 Whether virus-induced TLR1 expression functions in repressing or enhancing signaling remains to be analyzed. Studies are under way to elucidate the contribution of TLR3 and TLR7 in virus-induced NF-B activation and cytokine gene expression.
We have previously shown that influenza A virus induces IFN-␣ production in macrophages. 24 ,39 Therefore we analyzed the effect of virus-induced IFN-␣ in TLR expression by using neutralizing anti-IFN-␣/␤ antibodies. Anti-IFN␣/␤ antibodies downregulated influenza A virus-induced TLR1, TLR2, TLR3, and TLR7 mRNA expression suggesting that TLR gene expression is mediated by IFN-␣ produced by macrophages in response to virus infection. We also analyzed the effect of exogenous IFNs on the expression of TLRs. IFN-␣ and IFN-␥ upregulated TLR2 gene expression in macrophages. IFN-␥ has been shown to increase TLR2 mRNA expression in mouse macrophages. 40 In addition, mouse TLR2 promoter has been shown to contain NF-B and STAT consensus sequence binding sites. 41 Thus, it is likely that also human TLR2 promoter has IFN-responsive elements.
IFN-␣ and IFN-␥ enhanced TLR3 mRNA synthesis in A549 epithelial and HUVEC endothelial cells. TLR3 has been shown to be weakly expressed in unstimulated endothelial cells, 42 which is in line with the results reported here. In contrast to epithelial and endothelial cells, IFN-␥ stimulation did not upregulate TLR3 mRNA expression in macrophages. IFN-␣ upregulated TLR3 expression with rapid kinetics suggesting direct induction of TLR3 gene. IFN regulatory factor 8 (IRF-8 or ICSBP) is involved in the regulation of basal TLR4 promoter activity in macrophages, 43 while NF-B and STAT binding elements have been described in mouse TLR2 promoter. 41 Detailed promoter analysis is required to investigate the role of interferon-inducible transcription factors in TLR3 gene activation and to elucidate why IFN-␥ enhances TLR3 gene expression in endothelial and epithelial cells, but not in macrophages.
In our experiments, IFNs had no effect on TLR4 mRNA expression. This is in accordance with the data of Rehli and coworkers who showed that TLR4 promoter is only weakly responsive to IFN-␥. 43 It has also been reported that there is no enhancement of TLR4 expression after IFN-␥ treatment. 40 Genetic evidence with tlr4 mutant mice and data from TLR2 and TLR4 knock-out mice show that TLR4 is the principal LPS signaling molecule. 2, 4 However, LPS activation in tlr4 mutant mice can be restored to normal levels by treatment with IFN-␥. 44 This suggests that some other IFN-inducible TLRs may replace TLR4 as the LPS signaling molecule in these mice. Our data shows that TLR2, also implicated in response to LPS 37, 45 and to some extent TLR1 and TLR7, are upregulated by IFN-␥. This further suggests that IFN-␥-induced upregulation of TLR2 gene expression, and perhaps that of TLR1 or TLR7, renders tlr4 mutant mice responsive to LPS.
Virus infection enhanced TLR7 gene expression in human macrophages, which was inhibited by neutralizing anti-IFN-␣/␤ antibodies. In addition, both IFN-␣ and IFN-␥ upregulated TLR7 mRNA synthesis. Anti-IFN-␣/␤-antibodies blocked virus-induced TLR7 gene expression. The role of enhanced TLR7 gene expression in macrophages remains to be determined, as no reports on TLR7 gene expression or its function exist. We observed TLR5 gene expression in macrophages but not in epithelial or endothelial cells. TLR5 mRNA expression has previously been described to be mainly restricted to myelomonocytic cells. 20, 46 Interestingly, TLR5 gene expression was down-regulated by both virus infection and IFN stimulation. TLR5 mediates inflammatory responses to bacterial flagellin. 5 Downregulation of TLR5 mRNA in virus infection could correlate to diminished TLR5 surface expression, which could function to attenuate inflammatory responses.
We have previously shown that IFN-␣ directly activates the gene expression of IL-18R components accessory protein-like (AcPL), IL-1R-related protein (IL-1Rrp), and MyD88 in NK and T cells. 47 These molecules belong to the Toll/IL-1R family and are involved in the activation of innate immune response. The data in the present report shows that TLR1, TLR2, TLR3, and TLR7 gene expression is upregulated by IFNs, while TLR5 mRNA is downregulated. MyD88 promoter contains an IFN-inducible IFN-␥ activation site. 48 In addition, mouse TLR2 promoter contains an IFN-inducible STAT consensus binding site. 41 It is possible that other members of the Toll/IL-1R family, including AcPL, IL-1Rrp, TLR1, TLR3, TLR5 and TLR7 may have conserved IFN-inducible elements in their promoters. Differential regulation of TLR gene expression is likely to play a role in the ability of different cells to respond to various microbes. In conclusion, our results suggest that the upregulation as well as downregulation of the expression of receptor genes involved in innate immunity is a novel mechanism for IFNs to enhance immune responses against microbes.
Materials and methods
Viruses
Human pathogenic influenza virus (strain A/Beijing/ 353/89 H3N2) was obtained from the National Institute of Medical Research (London, UK), and the murine Sendai virus (strain Cantell) was from the collection of National Public Health Institute (Helsinki, Finland). Both viruses were cultured in embryonated hen eggs and stored at −70°C. The hemagglutination titers of influenza A and Sendai virus stocks were 128 and 6000, respectively. 49, 50 Cell culture Freshly collected leukocyte-rich buffy coats from healthy blood donors were supplied by the Finnish Red Cross Blood Transfusion Service (Helsinki, Finland). PBMCs were isolated by a density gradient centrifugation using Ficoll-Paque (Amersham Pharmacia Biotech, Uppsala, Sweden). Monocytes were purified from PBMCs by adherence on six-well plastic plates (Falcon, Becton Dickinson, Franklin Lakes, NJ, USA) and cultured for 7 days in Macrophage-SFM medium (Life Technologies, Grand Island, NY, USA) in the presence of GM-CSF to obtain macrophages as previously described. 24, 51 The isolated cells were identified as macrophages by their typical morphology and CD14 expression (flow-cytometric analysis; anti-CD14 FITC monoclonal antibody; Becton Dickinson, Mountain View, CA, USA). A549 human lung carcinoma cells (ATCC CCL185) were maintained in MEM supplemented with 0.6 g/ml penicillin, 60 g/ml streptomycin, 2 mM L-glutamine, 20 mM HEPES, and 10% heat inactivated FCS (Integro, Zaandam, the Netherlands). Human umbilical vein endothelial cells (HUVEC) (ATCC CRL1730) were maintained in RPMI 1640 medium (Sigma, St Louis, MO, USA) with supplements as described above.
Stimulation experiments
Macrophages obtained from four to six blood donors were separately infected with doses of 15 hemagglutination U/ml for influenza A virus, and 150 for Sendai virus as previously described. 24 After 1 h, viruses were removed, the infected macrophages were washed with PBS, and fresh medium was added. Human leukocyte IFN-␣ and IFN-␥ were provided by the Finnish Red Cross Blood Transfusion Service and used at concentrations of 100 IU/ml. Neutralizing sheep anti-IFN-␣/␤ serum 39, 52 was used at concentrations of 2400 neutralizing IU/ml for IFN-␣ and 165 neutralizing IU/ml for IFN-␤.
RT-PCR
Reverse transcription of total cellular RNA from macrophages was performed using Advantage RT-for-PCR Kit (Clontech, Palo Alto, CA, USA). The cDNA was used as a template for PCR to construct probes for TLRs. The following 5Ј to 3Ј oligonucleotides containing BamHI restriction sites were used: TLR1, CTA CTT GGA TCC GCC CTG GTA TCT (sense) and ATT AAT GGA TCC CCT TAA GTT AGC (antisense); TLR2, CCA GCA GGA TCC TCT GCT ATG ATG (sense) and CTC TCA GGA TCC TTA TCT TCC GCA (antisense); TLR3, TTA ATT GGA TCC ACG AGA CCC ATA (sense) and ATA ATG GGA TCC AGA TTT TGT TCA (antisense); TLR4, TGC AAT GGA TCC AGG ACC AGA GGC (sense) and GCC CCA GGA TCC TGT CCT CCC ACT (antisense); TLR5, GTT CAA GGA TCC TCC CCA GGG CAC (sense) and TCC TGG GGA TCC TCA GGC CAC CTC (antisense); TLR7, CTC CCT GGA TCC GTA CAC CTG TGA (sense) and TCC CAC GGA TCC TTT TCC GGA GCT (antisense); TLR8, TCC TGG GGA TCC AAG AGG GAA GAG (sense) and TCT TAC GGA TCC GCT GCC GTA GCC (antisense); TLR9, GCG AGA TGA GGA TCC CCT GCC CTA (sense) and TTC GGC CGT GGA TCC CTG GCA GAA (antisense). The PCR products were subcloned into the BamHI site of the pGEM-3Zf(+) vector (Promega, Madison, WI, USA) and sequenced.
RNA isolation and analysis
Total cellular RNA was isolated by the guanidinium isothiocyanate method 53 followed by centrifugation through a CsCl cushion. 54 Equal amounts (20 g) of total cellular RNA were size-fractionated on 1% formaldehyde-agarose gels and Northern blotted as described. 55 In the case of TLR6, Hind III-digested fragment of the TLR6 cDNA 56 was used as a probe. Hybridizations for TLR2 and TLR4 were performed in 50% formamide, 5 × Denhardt's solution, 5 × SSPE, and 0.5% SDS, and for TLR1, TLR3, TLR5, TLR6, TLR7, TLR8, and TLR9 in ULTRAhyb buffer (Ambion, Austin, TX, USA) at 42°C. The membranes were washed twice with 1 × SSC/0.1% SDS at 42°C for 30 min, once at 65°C for 30 min, and twice at 42°C for 30 min. The membranes were exposed to Kodak AR X-OMAT films (Eastman Kodak, Rochester, NY, USA) at −70°C with intensifying screens.
Biological assay for IFN-␣/␤
The assay for IFN-␣/␤ was performed as previously described 57 with a detection limit of 3 IU/ml. Briefly, cell culture supernatants were harvested and dialyzed against acidic glycine buffer (pH 2) followed by two dialyses in PBS. IFN-␣ titers in samples were assayed by VSV plaque reduction in HEp2 cells.
